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AMPARs mediate signaling on the millisecond time scale and are responsible for the primary depolarization of the post-synaptic membrane. 1 They assemble from four subunits, GluA1-4, 10 in various stoichiometries although commonly incorporate the GluA2 subunit. [11] [12] [13] Like all other iGluRs, AMPARs are comprised of four domains -the N-terminal (NTD) domain and the ligand-binding domain (LBD), which face into the synaptic cleft, the membrane-embedded ion-channel and a C-terminus projecting into the cytosol. Highly efficient RNA editing within the channel pore of the GluA2 subunit, at the Q/R (Gln/Arg) editing site, restricts Ca 2+ permeability, channel conductance and homotetramerization. 11, 12 In addition, the LBD is a hotspot for alternative RNA processing, which is known to modulate gating kinetics of AMPARs. 8, 14, 15 Recent findings reveal that gating-associated conformational changes of the LBD are detected in the lumen of the endoplasmic reticulum (ER). [15] [16] [17] This unexpected link between RNA processing, gating and channel biogenesis is discussed below.
A MPA receptors are ion channel tetramers that mediate fast excitatory neurotransmission in vertebrate brains. AMPAR functional properties as well as receptor biogenesis in the endoplasmic reticulum (ER) are shaped by RNA processing events, including adenosineto-inosine RNA editing and alternative splicing. Recoded sites line interfaces of subunit polypeptides, and are therefore ideally positioned to modulate receptor assembly. Moreover, the genomic arrangement of the R/G editing site within the splice donor of the alternative flip/flop exons may facilitate a cross-talk between these genetic elements. Regulated mRNA recoding in response to neuronal activity would have the scope to sculpt AMPAR tetramers and in turn shape the response properties of a neuron.
Glutamate-gated ion channels (iGluRs) mediate fast excitatory neurotransmission in vertebrate central nervous systems. Binding of presynaptically released glutamate triggers a cascade of conformational changes that ultimately results in a depolarizing cation current through the iGluR channel pore. Depending on pharmacological and functional properties three major iGluR families can be distinguished -AMPA, NMDA and Kainate receptors. 1 The role of a fourth subtype, the delta iGluR, is less well understood.
Functional properties of iGluRs including gating kinetics and ion conductance are largely determined by the subunit composition, 2 and the nature of receptor auxiliary subunits. [3] [4] [5] 27 More subtle mutations, not directly aimed at highly conserved ligand-coordinating positions, revealed a correlation between the stability of the closed cleft and ER exit efficiency. 15 Moreover, while weakening the closed cleft conformation slowed ER transit the opposite effect was achieved with cleft stabilizing mutations. 15 Therefore, relatively subtle alterations associated with the LBD open-closed equilibrium are sensed by the ER quality control machinery. By extension, these findings implicate glutamate as a chemical chaperone in iGluR biogenesis. in non-NMDA iGluRs, is converted to Gly via RNA editing at the R/G site of GluA2-4 14 ( Fig. 1A) . Furthermore, four residues along helices J and K are altered in GluA1-4 by mutually exclusive alternative splicing, 8 where the default flip exon is replaced by the flop exon in a developmentally regulated manner (Fig. 2) . Both of these modifications are unique to AMPAtype iGluRs.
In addition to shaping signaling properties at the synapse, recent findings reveal that gating -the conformational alterations underlying channel opening/closing transitions -plays a role during iGluR biogenesis in the ER. [15] [16] [17] 24 ER quality control ensures that only properly folded, and in many cases fully assembled, and thus functional polypeptides exit from the ER. 25 The NTD and LBD together constitute 80% of the receptor protein and project into the chaperone-enriched lumen of the ER during The iGluR LBD belongs to the (type 2) periplasmic-binding protein family, and is composed of two lobes that are separated by a deep cleft (Fig. 1A) . 18, 19 Docking of L-glutamate to this domain results in cleft closure and triggers a conformational cascade ultimately resulting in channel activation. Within the receptor tetramer, LBDs are arranged as pairs of dimers. The dimer interface (IF) is made up of secondary structure elements (helices D, J and the segment between beta strands 6-7) that are located in the upper lobe. 19 This orients adjacent subunits back-to-back and allows lower lobes to move upward upon ligand binding thereby pulling the ion channel open 20 ( Fig. 1A) . Mutagenesis revealed that contacts across the LBD IF are critical determinants of gating in all three major iGluR subfamilies. [21] [22] [23] In AMPARs five positions in this strategic segment are targeted for recoding -an arginine, highly conserved . Entry into desensitization is influenced by R/G editing (blue star). 14, 15 Ligand unbinds and the receptor recovers from desensitization (step 4), a step that is modulated by the Val/Leu758 switch (magenta star).
that affect neuronal excitability reprogram splice site choice in the CTD, resulting in altered secretory traffic and density of synaptic NMDARs. 35 Signaling pathways and RNA sequence elements involved in the regulation of exon 21/22 splicing have emerged recently. 36, 37 Transacting factors that regulate flip/flop splicing of AMPARs have also been identified. 38 An interesting regulator is SRp38, which is controlled by heat-shock. 39 SRp38 acts as a general splicing repressor when dephosphorylated but can be switched to a sequence specific activator when phosphorylated. 38 This protein has potential binding sites in both exons, flip and flop, but interacts more tightly with flip and promotes its inclusion. 38 In addition to alternative splicing, RNA editing can be regulated. [40] [41] [42] A-to-I editing is catalyzed by adenosine deaminases (ADARs), specifically by ADAR1 and/or ADAR2 (catalytic activity has not been demonstrated for ADAR3). 43 ADARs bind double-stranded RNA substrates and deaminate adenosine to inosine cotranscriptionally. Nuclear ADAR1 and 2 are both capable of editing the R/G site. Diverse external cues give rise to recoding of a variety of editing substrates, which to date has mostly been ascribed to altered deaminase levels. For example expression of the long isoform (p150) of ADAR1 can be induced by inflammation via interferon, 44 and ADAR2 levels are perturbed after ischemia as a result of reduced activity of the cAMP responsive element binding protein (CREB) transcription factor. 41 Interestingly, CREB phosphorylation is tightly coupled to L-type Ca2+ channel activity via CaMKII thus providing a possible link between neuronal activity and RNA editing. 45 Within this context it is worth to point out the strategic position of the R/G site within the splice donor preceding the flop exon (Fig. 2) . Editing alters the -2 position from adenosine via inosine to guanosine, which is expected to weaken this splice site and may thereby affect splicing of the alternative downstream exons. Indeed, editing precedes splicing as a result of coordination by the C-terminal domain of RNA polymerase II. 46, 47 The R/G-edited residue reduces the efficiency of erroneous splicing of the 3' splice site of exon 16 thereby promoting inclusion of the flip/ flop exon. 48 Moreover, a greater proportion isoforms harboring the default residue, i.e. Arg743 at the R/G site and Val758 of the flip exon, undergo a more rapid maturation in the ER relative to alternatively processed (i.e. edited to Gly and flop) subunit variants. The increased ER-dwell time of the latter isoforms is expected to promote GluA2 inclusion into heteromeric receptors. According to this model, AMPAR RNA processing regulates heterotetrameric subunit assembly. Since processing in the LBD is under developmental control, 8, 31 formation of subunit heteromers may be regulated with developmental progression and in a cell-type specific manner. 26 These assembly rules have been observed in heterologous cell lines and in dissociated primary neurons expressing exogenous subunits. A critical next step will be to ascertain the impact of these RNA processing events on the assembly of endogenous AMPARs. Another question concerns whether processing in the LBD can be regulated in response to external cues and in turn mediate AMPAR remodeling. Such a mechanism would allow neurons to adjust their AMPAR response and thereby their synaptic gain, and could play a role in homeostatic adaptation. 32 There is increasing evidence that alternative splicing in neurons can be regulated by neuronal activity. 33 , 34 An example is provided by the NR1 subunit of the NMDA glutamate receptor, which is alternatively spliced within the NTD (exon 5) and at the C-terminus (exons 21, 22 23 Similarly, in the GluK2 kainate receptor inter-dimer disulfide bridges produced non-desensitizing, ER-retained receptors, 28 indicating that LBD IF strength is a general determinant for iGluR biogenesis in the ER. In contrast to mutation, RNA processing within the IF regulates AMPAR gating transitions associated with desensitization. By modulating IF contacts, this site provides an endogenous switch for altering the ER-half life of subunits and assembly intermediates. 15 An increase of the ER dwell time ensures subunit availability and thereby provide a mechanism for tuning receptor assembly properties. 29 Two alternative residues turn out to be central to this regulation: (i) the R/G editing site at the top of the IF, and (ii) a Val to Leu change introduced at the helix J/K kink by flip/ flop splicing 15, 27, 30 (Fig. 1A) . As discussed in detail recently these positions target different conformational states or transitions of the gating cascade and are believed to function at multiple stages during AMPAR formation 15 (Fig. 1B) . In both cases GluA2 exons. The sequence of the splice donor site is shown. Editing switches the adenoine at position -2 to inosine (which translates like a guanosine), this is predicted to weaken the strength of the 5' splice site relative to a consensus splice site. 65 of editing was observed for the flip isoform of GluA2, 48, 49 particularly in early postnatal development.
14 However, a direct link between editing and alternative selection of flip/flop splice sites has not been demonstrated to date.
A-to-I editing and flip/flop splicing of AMPARs have been implicated in various neurological disorders including epilepsy, [50] [51] [52] [53] [54] [55] [56] ischemia, 41, 52, 57, 58 stress, 59 inflammation, 44, 60, 61 and sporadic amyotrophic lateral sclerosis. [62] [63] [64] Therefore, an involvement of regulated AMPAR biogenesis in the pathogenesis of these diseases can be envisaged. Taken together, alternative RNA processing within the AMPAR LBD provides a dynamic, metastable mechanism capable of sculpting AMPAR tetramers in response to physiological and pathological stimuli.
